Interleaved Rapid-Scan (continuous scan) and time-resolved Step-Scan techniques were modified in order to use these techniques for modulation experiments. The demodulation of the time-resolved spectra was done by software, replacing expensive Lock-In amplifiers. The new techniques lead to the same results compared to conventional Lock-In Step-Scan methods but show dramatically shortened measurement times with respect to the same signal-to-noise ratio.
INTRODUCTION
FTIR-Spectroscopy provides several techniques to study time-dependent phenomena (1, 2) . Additionally, Modulation Spectroscopy can improve kinetic information and signal-to-noise ratio in experiments with reversible kinetics (3) . Most of FTIR modulation experiments performed up to now were done with Step-Scan techniques in assistance of Hardware-Lock-In demodulation of the interferogram (LI-SS, Fig. 1 ).
On the other hand, all FTIR techniques capable of sampling time slices (sampling point spectra) synchronous with the modulation period can be used to analyze modulation experiments. In this case the demodulation of the time-resolved sampling point spectra is done by software (4) and allows to calculate both the fundamental tone and higher order harmonics after the data sampling. For the analysis of low frequency modulation (mHz), the sampling point spectra can be measured with the Fast-Scan technique (5).
Our aim was to modify time-resolved Interleaved RapidScan technique IRS, which is a Continuous-Scan technique (1), and time-resolved Step-Scan techniques TR-SS (2) in order to use these techniques for Modulation Spectroscopy in the frequency range from Hz to kHz.
We compare the new methods with the conventional Lock-In Step-Scan technique regarding measurement time and signal-to-noise ratio.
FIGURE 1. System setup for
Step-Scan Lock-In modulation experiments. Phase modulation ("dithering" of the mirror) is used to modulate the IR beam (AC-coupled amplifier). Lock-In amplifier 1 demodulates the signal with respect to the phase modulation frequency. Lock-In amplifier 2 provides the sinusoidal sample modulation. Lock-In 2 and 3 demodulate the in-phase (0°) and quadrature (90°) elements of the fundamental tone and first harmonic, respectively. The output of the low-pass filter provides the interferogram of the mean value spectrum.
MATERIAL AND METHODS

Conventional Lock-In
Step-Scan technique (LI-SS), modified Interleaved-Rapid-Scan technique (IRS, Fig. 2 ) and modified Time-Resolved Step-Scan technique (TR-SS, Fig. 3 ) on a Bruker IFS66 FTIR spectrometer are used to perform modulation experiments from 1 Hz to 6.25 kHz.
Nematic liquid crystals (LC) served as test samples. Polarized light and ATR-technique (Ge-plate, angle of incidence: 45°, number of active internal reflections: 12, n LC =1.478, n Ge =4.0) were used to study the dynamics of liquid crystals at the liquid crystal/Ge-interface (6).
Interleaved Rapid-Scan Technique (IRS)
In the IRS mode, the synchronization of sample modulation and data sampling is triggered by the zero crossing points of the laser interferogram (ZCP). The modulation frequency is determined by the time period between two rising ZCPs and therefore depends on the velocity of the movable mirror in the interferometer.
The sinusoidal modulation signal is generated by a Phase-Locked-Loop (PLL) circuit which is triggered by the ZCPs. The trigger impulses for data sampling are generated by another PLL loop that provides up to 16 sampling points per period which have to fit into one modulation period.
To produce different modulation frequencies the mirror velocity can be changed within a range depending on the control mechanism of the interferometer. To obtain very low modulation frequencies only the n th (n=1-32 on a Bruker IFS 66) ZCPs is used to trigger the PLL circuits. In this case n scans have to be performed to obtain a full interferogram, whereas the trigger impulse skips one rising ZCP each scan (interleaved mode).
FIGURE 2. Modification of Interleaved Rapid-Scan (IRS)
technique for modulation experiments. Time-resolved interferograms are measured during the mirror movement. The synchronization of data sampling and sinusoidal sample modulation is done by two PLL (phase-locked-loop) circuits. The sorting process and calculation of the corresponding single channel spectra (Fourier transform) takes place in the acquisition processor of the spectrometer. The demodulation of the timeresolved sampling point spectra is done by software and allows to calculate both the mean value spectrum and modulation spectra of the fundamental tone and harmonics after the data sampling. The corresponding time-resolved single channel spectra are calculated by a FFT. The demodulation of the time-resolved sampling point spectra is done by software and allows to calculate both the mean value spectrum and modulation spectra of the fundamental tone and harmonics after the data sampling.
Time-Resolved Step-Scan Technique (TR-SS)
In the TR-SS mode, both the sinusoidal modulation signal and the trigger impulse for the beginning of data sampling are provided by an external function generator. The trigger impulses for data sampling are internally generated by the spectrometer electronics and must be tuned regarding the number and time gap to fit into one modulation period. The number of sampling points per period is only determined by the amount of memory of the data acquisition board of the spectrometer. The TR-SS technique provides therefore a better time-resolution of the sampling point spectra compared with the IRS technique.
Determination of modulation spectra
In the IRS and TR-SS mode, the demodulation of timeresolved spectra is done with the algorithm described by Fringeli (4). The software OPUS from Bruker was used to program the demodulation algorithm. In the case of IRS and TR-SS this leads directly to absolute phase and amplitude information of absorption bands.
The results of experiments performed with the LI-SS technique have to be corrected in amplitude and phase lag because of unavoidable gain and filter properties of the Lock-In amplifiers (used type: Stanford Research Systems SR 850). Due to the fact that the LI-SS technique demodulates interferograms or single channel spectra, a further correction has to be applied because of the logarithmic behavior of the absorption.
RESULTS AND DISCUSSION
Our results show that the measurement of time-resolved sampling point spectra with post-measurement demodulation is a more transparent method for determining absolute phase angles and modulation amplitudes of absorption bands in Modulation Spectroscopy. Both methods (TR-SS and IRS) provide full information in the frequency domain (i.e. for 2D-IR-correlation analysis) and lead to the same results compared with the LI-SS technique (Fig. 4) . Although, the LI-SS method will be improved by digital demodulation of the interferograms (realized in the newest generation of FTIR-spectrometers), the techniques introduced in this paper are more transparent and better accessible for the user and provide additional timedependent information (time domain, e.g. the time course of the absorbance during the stimulus period). The highest possible modulation frequency is only determined by the sampling rate of the ADC-converter of the spectrometer (IRS and TR-SS, Tab.1). Using an ADC converter with a time-resolution of 5 µs, the measurement of 16 sampling point spectra within one modulation period leads to a maximum modulation frequency of 12.5 kHz.
In the IRS-mode the minimum modulation frequency is determined by the slowest possible mirror velocity of the scanner (at present, 50 Hz with Bruker IFS66). In the SSmode spectral artifacts increase below modulation frequencies of 3 Hz. These artifacts could be attributed to unstability of the mirror position and could therefore be improved using new digital control mechanisms.
The production of spectral artifacts due to long term drifts during the experiment is described for the IRS mode (7). Although our IRS experiments took up to 270 min, we did not find such a response in our modulation spectra. This is probably due to the fact that the demodulation of the time-resolved spectra will filter out all time-dependent signals which are not correlated with the modulation frequency.
Considering same signal-to-noise ratios, the Interleaved Rapid-Scan (IRS) and Time-Resolved Step-Scan (TR-SS) techniques lead to dramatically shortened measurement times compared to conventional Lock-In Step-Scan methods (Fig. 5) . At a modulation frequency of 100 Hz we got measurement times of 17 h for LI-SS, 2.4 h for IRS and only 31 min for TR-SS technique, respectively.
